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SUMMARY 

New  methods  for  generating  spur,  helical,  and  spiral-bevel  gears  are 
proposed.  These  methods  provide  the  gears  with  conjugate  tooth  surfaces, 
localized  bearing  contact,  and  reduced  sensitivity  to  gear  misalignment. 
Computer  programs  have  been  developed  for  simulating  gear  meshing  and  bearing 
contact. 

INTRODUCTION 

Research  was  directed  at  finding  new  methods  for  generating  spur,  helical,  and 
spiral-bevel  gears  that  would  provide  conjugate  gear  tooth  surfaces  and  local¬ 
ized  bearing  contact  and  would  reduce  kinematic  errors  (gear  noise)  caused  by 
gear  misalignment.  Tooth  contact  analysis  (TCA)  computer  programs  have  been 
developed  fo1-  these  gears.  These  programs  make  it  possible  to  simulate  gear 
meshing  and  bearing  contact  and  to  investigate  the  Influence  of  gear  misalign 
ment  on  kinematic  errors.  The  proposed  generation  methods  can  be  applied  to 
the  spiral  bevel  gears  by  using  current  machinery  and  tools,  but  new  tool 
shapes  are  needed  for  the  spur  and  helical  gears.  T.-"- -A  ,,  ; 
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SPUR  GEARS  WITH  CROWNED  PINION  T001H  SURFACES1 

As  is  well  known,  spur  gears  are  very  sensitive  to  axes  misalignment,  and 
the  pinion  gear  tooth  surface  must  be  crowned  to  compensate  for  this  disadvan 
tage.  Figure  1(a)  shows  a  regular  Involute  surface  for  a  spur  pinion,  and 
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figure  1(b)  shows  a  crowned  pinion  surface.  The  problem  Is  developing  the 
topology  of  the  pinion  tooth  surface.  It  Is  the  deviation  from  a  regular 
Involute  surface  that  will  provide  a  low  level  of  kinematic  errors  (l.e.,  a 
low  level  of  noise  and  good  bearing  contact). 

The  Maag  Co.  has  proposed  a  method  for  grinding  deviated  pinion  tooth 
surfaces  that  Is  based  on  a  point  contact  between  the  grinding  wheel  and  the 
pinion  tooth  surface  being  manufactured.  However,  their  method  does  not  solve 
the  main  problem,  finding  the  optimal  topology  of  the  pinion  tooth  surface  that 
will  provide  a  low  level  of  kinematic  errors. 

We  propose  a  method  for  generating  crowned  pinion  surfaces  that  can 
provide  this  optimal  topology.  This  method  can  be  used  for  either  grinding  or 
cutting.  The  basic  principle  Is  based  on  two  rigidly  connected  generating 
surfaces.  One  surface,  a  plane  (the  surface  of  a  regular  Involute  rack 
cutter),  generates  the  gear  tooth  surface  (fig.  2).  The  other  surface,  a 
cone,  generates  the  pinion  tooth  surface.  Both  generating  surfaces  are  tangent 
along  a  straight  line  -  the  generatrix  of  the  cone.  The  generating  surfaces 
perform  a  translational  motion  like  two  rack  cutters  while  the  pinion  and  gear 
being  generated  rotate  about  their  axes.  Figure  3  shows  the  generation  of  the 
pinion  tooth  surface  by  a  grinding  wheel.  A  similar  tool,  a  "shaver"  with 
slots,  can  be  used  for  cutting  and  lapping. 

Figure  4  shows  how  the  pinion  tooth  surface  deviates  from  a  regular 
Involute  surface.  The  middle  section  of  the  pinion  tooth  surface  obtained  by 
a  cutting  plane  that  Is  perpendicular  to  the  pinion  axis  Is  a  regular  Involute 
curve.  The  Involute  gear  tooth  surface  and  the  pinion  tooth  surface  are  con¬ 
jugate,  and  their  bearing  contact  Is  localized.  Considering  the  criterion  of 
bearing  contact.  It  can  be  stated  that  the  proposed  gears  are  adjusted  to  the 
misalignment.  The  remaining  concern  Is  to  what  level  will  the  kinematic  errors 
be  due  to  gear  misalignment.  We  developed  a  computer  program  to  perform  the 
tooth  contact  analysis  necessary  to  determine  this. 

The  entire  adjustment  of  the  proposed  gears  to  the  misalignment  must  be 
based  on  the  evaluation  of  two  criteria  -  the  bearing  contact  and  the  Induced 
level  of  kinematic  errors.  We  have  found  that  a  very  low  level  of  kinematic 
errors  can  be  achieved,  as  Indicated  by  the  results  of  the  TCA  program.  If  a 
surface  of  revolution  that  Is  slightly  deviated  from  the  cone  surface  Is  used 
as  the  generating  surface.  The  optimal  radii  of  curvature  for  the  surface  of 
revolution  were  determined  by  the  method  proposed  by  Litvin  (refs.  1  and  2). 
Figure  5  shows  the  kinematic  error  caused  by  a  5  percent  change  In  the  center 
distance  and  a  5-arc-mln  misalignment  of  the  gear  axes  for  20  and  40  gear 
teeth.  The  function  Is  similar  to  a  parabolic  function,  and  the  maximum  error 
Is  approximately  0.2  arc-sec.  Figure  6  shows  the  bearing  contact  of  the  pro¬ 
posed  gears  on  the  pinion  tooth  surface.  Another  application  example  with 
results  Is  given  In  table  I. 


HELICAL  GEARS  WITH  PINION  CIRCULAR-ARC  TEETH  AND  GEAR  SCREW  INVOLUTE  TEETH 

As  Is  well  known,  regular  Involute  helical  gears  are  sensitive  to  axes 
misalignment,  and  Novikov- W1 ldhaber  (conformal)  gears  are  sensitive  to  changes 
In  center  distance  (ref.  3).  The  proposed  helical  gears  may  be  considered  as 
a  bridge  between  regular  Involute  helical  gears  and  Novlkov-Wlldhaber  gears. 
These  gears  are  less  sensitive  to  misalignment  since  the  bearing  contact  Is 
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localized  and  are  less  sensitive  to  the  change  In  center  distance  since  the 
gear  Is  a  regular  screw  Involute.  Thus  the  disadvantages  of  current  helical 
or  conformal  gears  operating  under  less  than  Ideal  conditions  can  be  overcome. 


Figure  7  Illustrates  the  proposed  method  for  generating  helical  gears. 

One  of  the  generating  surfaces,  ip.  Is  a  plane  and  represents  the  surface  of  a 
regular  rack  cutter.  Plane  ip  will  generate  a  regular  screw  Involute  surface. 

The  other  generating  gear  tooth  surface,  ip.  Is  a  cylindrical  surface  and  will 
generate  the  pinion  tooth  surface.  The  normal  section  of  Ip  Is  a  circular  arc, 
and  the  normal  section  of  Ip  Is  a  straight  line.  The  deviation  of  If  with 
respect  to  Ip  depends  on  the  radius  of  the  circular  arc  that  Is  chosen  for  Ip. 
By  controlling  this  radius  we  can  control  the  deviation  of  the  pinion  tooth  sur¬ 
face  l-|  from  a  regular  screw  Involute  surface.  The  generating  surfaces  Ip  and 
Ip  are  tangent  along  the  straight  line  a-a  (fig.  7).  The  line  of  action  of  the 
generated  gear  tooth  surfaces  Ii  and  12  Is  represented  In  the  fixed  coordinate 
system  Sf  by  a  straight  line.  Coordinate  system  Sf  Is  rigidly  connected  to 
the  gear  housing.  The  line  of  action  Is  parallel  to  the  gear  axes.  In  the 
meshing  process  the  point  of  contact  moves  along  the  line  of  action.  The  Instan¬ 
taneous  point  of  the  contact  Is  the  center  of  the  contact  ellipse.  The  dimen¬ 
sions  of  the  contact  ellipse  depend  on  the  radius  of  the  circular  arc  of  the 
generating  surface  Ip  and  on  the  number  of  pinion  and  gear  teeth. 

We  developed  a  TCA  program  for  the  proposed  gears.  Figures  8  and  9  show 
the  transverse  shapes  of  the  pinion  and  gear.  Changing  the  center  distance  by 
5  percent  did  not  substantially  change  the  location  of  the  bearing  contact 
(fig.  10). 


SPIRAL-BEVEL  GEARS  WITH  CONJUGATE  GEAR  TOOTH  SURFACES 

For  many  years  the  Gleason  Works  (ref.  4)  has  provided  machinery  for  the 
manufacture  of  spiral-bevel  gears.  There  are  several  Important  advantages  to 
the  Gleason  methods  of  manufacture.  The  machines  are  rigid  and  produce  gears 
of  high  quality  and  consistency.  The  cutting  methods  may  be  used  for  both 
milling  and  grinding.  Grinding  Is  especially  Important  for  producing  hardened 
high-quality  aircraft  gears.  Both  milling  and  grinding  are  possible  with 
Gleason's  method  since  the  velocity  of  the  cutting  wheel  does  not  have  to  be 
related  In  any  way  to  the  machine's  generating  motions. 

Gleason’s  method  for  generating  spiral-bevel  gears  provides  only  approxi¬ 
mate  conjugation  of  gear  tooth  surfaces.  Because  the  gear  ratio  Is  not  con¬ 
stant  during  the  tooth  engagement  cycle,  kinematic  errors  occur  as  rotation  Is 
transformed  from  the  driving  gear  to  the  driven  gear.  The  kinematic  errors  in 
spiral-bevel  gears  are  a  major  source  of  noise  and  vibration  In  transmissions. 
Special  machine-tool  settings  must  be  used  to  reduce  the  level  of  kinematic 
errors  In  the  generated  gears.  Gleason  developed  a  tooth  contact  analysis 
(TCA)  program  to  numerically  determine  the  required  machine-tool  settings. 

We  propose  a  new  method  for  generating  spiral-bevel  gears  that  provides 
exact  conjugation  of  the  gear  tooth  surfaces  and  no  kinematic  errors.  This 
method  can  be  applied  In  practice  by  using  the  existing  Gleason  equipment  and 
tools.  The  proposed  approach  results  In  the  direct  determination  of  machine 
tool  settings.  The  TCA  program  developed  also  simulates  the  bearing  contact 
and  the  Influence  of  assembly  and  manufacturing  errors. 
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The  theory  of  spiral-bevel  and  hypold  gears  was  a  subject  of  Intensive 
research  by  many  authors  (refs.  2  and  5  to  12).  Litvin  and  his  colleagues 
have  addressed  the  analysis  and  synthesis  of  spiral-bevel  gears  (refs.  1,  2, 

5,  and  8).  Computer-aided  simulations  of  tooth  meshing  and  bearing  contact 
have  been  worked  out  by  Litvin  and  Gutman  (ref.  6)  and  by  the  Gleason  Works 
(refs.  11  to  13). 

The  existing  method  for  generating  Gleason  spiral  bevel  gears  Is  based  on 
application  of  the  head  cutter  shown  In  figure  11.  The  blades  of  the  head 
cutter  are  straight  lines  that  generate  two  cones  while  the  head  cutter  rotates 
about  axis  C-C.  The  angular  velocity  about  axis  C-C  depends  not  on  the  gener¬ 
ating  motion  but  only  on  the  desired  cutting  velocity.  The  flanks  of  adjacent 
gear  teeth  are  cut  simultaneously  (duplex  method).  Two  head  cutters  are  used 
for  pinion  generation;  they  are  provided  with  one-sided  blades  and  cut  the 
pinion  tooth  sides  separately. 

In  generating  the  spiral-bevel  gear  (fig.  12)  the  head  cutter  Is  mounted 
to  the  cradle  of  the  cutting  machine.  The  cradle  with  the  tool  cone  surface 
represents  the  generating  gear,  which  Is  In  mesh  with  the  gear  that  Is  being 

( 2 ) 

cut.  The  axes  of  rotation  of  the  cradle  (generating  gear)  X'  and  the  gear 

(21  m 

Z?  Intersect.  Coordinate  system  S'  '  Is  rigidly  connected  to  the  frame 

m  (PI 

of  the  gear  cutting  machine,  and  coordinate  system  '  Is  rigidly  connected 

to  the  cradle;  <pp  Is  the  angle  of  cradle  rotation.  Coordinate  system  Sf 
Is  a  fixed  coordinate  system  rigidly  connected  to  the  gear  housing. 

In  generating  the  spiral-bevel  pinion  (fig.  13),  the  axes  of  rotation  of 

the  pinion  cradle  X^  and  the  pinion  Zi  do  not  Intersect  but  cross. 

m  1 

Figure  13  shows  the  specific  corrections  of  machine-tool  settings,  designated 
by  AE]  and  AL] .  The  determination  of  aE-|  and  AL]  Is  the  subject 
of  Gleason's  TCA  program  and  Is  directed  at  reducing  the  kinematic  errors  of 
the  generated  gears. 


Our  proposed  generation  method  Is  based  on  the  manufacturing  process 
described  here.  The  main  principles  of  the  new  method  are  as  follows: 

(1)  The  two  generating  surfaces.  Ip  and  Ep,  generate  the  gear  tooth  surface 
12  and  the  pinion  tooth  surface  E] ,  respectively.  Surfaces  Ep  and  E2 

(and  accordingly,  Ep  and  E] )  are  In  mesh  In  the  process  of  cutting  and  contact 
each  other  at  a  line  at  every  Instant.  The  generated  gear  tooth  surfaces,  E2 
and  E] ,  contact  each  other  at  a  poj^nj  at  every  Instant  (fig.  11).  lhe  four 
surfaces  the  two  generating  surfaces  (Ep  and  Ep)  and  the  pinion  and  gear 
tooth  surfaces  (E]  and  E2)  -  are  tangent  at  every  Instant.  The  ratio  of  the 
angular  velocities  of  motion  of  surfaces  Ep,  Ep ,  E] ,  and  E2  must  satisfy 
the  following  requirements:  (a)  the  surfaces  must  be  In  continuous  tangency 
and  (b)  the  generated  pinion  and  gear  must  transform  rotation  with  no  kinematic 
errors . 

(2)  The  point  of  contact  of  the  above  mentioned  four  surfaces  moves  In  a 
plane  *  that  Is  rigidly  connected  to  the  gear  and  cutting  machine  housing, 
lhe  normal  to  the  contacting  surfaces  lies  In  plane  it  and  performs  a  par 

al lei  motion. 


It  Is  necessary  to  emphasize  some  specific  features  of  the  contact  of  gener¬ 
ating  surfaces  ip  and  £f.  It  Is  a  contact  of  two  cones  with  crossed  axes. 

Thus  the  cones  have  a  common  normal  at  the  point  of  contact,  but  their  surfaces 
Interfere  with  each  other  near  the  contact  point. 

Figure  15  Illustrates  the  location  and  orientation  of  the  plane  of 
normals  -  plane  ir.  Surfaces  Ip  and  £2  are  In  contact  at  point  M,  and 
their  common  normal  Intersects  the  pitch  line,  the  tangency  line  of  pitch 
cones  of  spiral-bevel  gears.  The  normal  also  Intersects  the  head-cutter  axis 
(at  point  A  In  fig.  15)  since  the  tool  surface  Is  a  cone.  The  four  surfaces 
( £p ,  £p,  £] ,  and  £2)  must  have  a  common  normal  at  every  Instant  (fig.  14);  and 
this  normal  will  In  the  process  of  meshing  perform  a  parallel  motion  In  plane  *, 
keeping  Its  original  orientation.  The  plane  of  normals  j  Is  a  plane  that 
passes  through  the  pitch  line  and  MA  (fig.  15),  where  MA  Is  the  Instantaneous 
normal  to  surfaces  £p  and  £2- 

On  the  plane  of  normals  ir  (fig.  16)_po1nt  A  Is  the  point  where  the  gear 
head-cutter  axis  Intersects  plane  ir,  and  HA  Is  the  Initial  position  of  the 
normal.  Point  0  Is  the  point  where  the  gear  cradle  axis  Intersects  plane  ir. 
Simultaneously  point  D  Is  the  pitch  point  (the  point  where  the  pinion  and  gear 
axes  Intersect).  The  axes  of  the  gear  cradle  and  gear  head  cutter  are  parallel, 

but  they  are  not  perpendicular  to  plane  ir.  Recall  that  the  cradle  axis  X^1 ^ 

Is  perpendicular  to  the  root  cone  (fig.  12)  and  that  plane  ir  Is  drawn  through 
the  pitch  line. 

To  provide  conjugate  gear  tooth  surfaces,  specific  machine  tool  settings 
At i  and  AL]  (fig.  13)  are  used,  and  the  appex  of  the  pinion  pitch  cone  Is  off¬ 
set  with  respect  to  the  pinion  cradle  axis  X^ .  Thus  point  0  does  not  coincide 

with  point  0  (fig.  16).  Here  point  0  Is  the  point  where  the  pinion  cradle  axis 
Intersects  plane  ir  (the  plane  of  normals).  For  reasons  given  below,  the  machine- 

tool  settings  AE]  and  Al_i  must  provide  the  collnearlty  of  vectors  DO  and 

MA. 


At  point  C  (fig.  16)  the  pinion  tool  cone  axis  Intersects  plane  n.  The 
machine  tool  settings  for  the  pinion  tool  cone  must  provide  that  points  C,  A, 
and  M  lie  on  the  same  straight  line  and  that  point  M  Is  the  tangency  point  of 
three  surfaces:  £p,  £p ,  and  £2-  We  emphasize  again  that  the  pinion  cradle 

axis  X<]>  and  the  gear  cradle  axis  X^  are  not  parallel  since  they  have  to 
m  m 

be  perpendicular  to  the  pinion  and  gear  root  cones,  respectively.  The  orlenta 

tlon  of  axes  X^  and  X^  depends  on  the  gear  and  pinion  dedendum  angles 

A2  and  Ap  (figs.  12  and  13).  However,  the  pinion  cradle  ar  1  pinion  head 
cutter  axes  are  parallel  (If  the  pinion  head  cutter  Is  not  tilted),  but  they  are 
not  perpendicular  to  plane  ir. 

During  surface  generation  the  head  cutter  axis  0^  rotates  about  the 

cradle  axis  0^^ ;  cpj  (fig.  17)  Is  the  angle  of  cradle  rotation  (1  =  1,2; 

j  =  F , P) .  Thus  the  cutter  axis  traces  out  a  cylinder  of  radius  bj ,  where  bj 
Is  the  distance  between  the  head  cutter  and  cradle  axes.  The  plane  of  normals 
ir  Is  Inclined  with  respect  to  the  cylinder  axis,  and  the  Intersection  of  the 
cylinder  by  plane  ir  Is  an  ellipse.  Thus  points  A  and  C  (fig.  16)  each  trace  out 
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an  ellipse.  The  common  surface  normal  AC  slides  along  those  ellipses  while  per 
forming  the  required  parallel  motion.  This  parallel  motion  becomes  possible 
If  the  dimensions  and  orientation  of  both  ellipses  are  related  In  a  specific 
way.  Figure  18  shows  two  such  related  ellipses. 

Me  have  developed  a  computer  program  for  determining  machine-tool  settings 
for  the  proposed  generation  method  and  for  the  TCA  of  the  generated  gears.  The 
results  of  this  TCA  program  Indicate  that  kinematic  errors  would  be  reduced  to 
zero.  Figure  19  shows  the  bearing  contact  on  the  gear  tooth  convex  side  for 
spiral-bevel  gears  with  the  proposed  gearing.  An  example  with  results  Is  given 
In  table  II. 


CONCLUDING  REMARKS 

The  basic  principles  of  new  gear  generation  methods  have  been  discussed. 
These  methods  provide  conjugate  gear  tooth  surfaces  for  three  types  of  gears: 

(1)  spur  gears  with  crowned  pinion  tooth  surfaces  that  have  misaligned  axes, 

(2)  helical  gears  with  pinion  circular-arc  teeth  and  gear  regular  screw 
Involute  teeth  that  have  a  change  In  center  distance,  and  (3)  spiral-bevel 
gears  whose  common  surface  normal  performs  a  parallel  motion  In  the  process  of 
meshing . 


Litvin 
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7  V. 


TABLE.  I.  -  NUMERICAL  EXAMPLE  AND  RESULTS  FOR  CROWNED  SPUR 
PINION  AND  REGULAR  INVOLUTE  GEAR 

Number  of  teeth  on  pinion,  gear .  20,  40 

Diametral  pitch  .  *0 

face  width.  In .  0.4 

Generating  cone  angle,  deg  80 

Cone  radius.  In . . .  0.985 

Curvature  radius  of  generating 

surface  of  revolution.  In.  . S00 

Misalignment  of  gear  axes,  arc  min  .  10 

Change  In  center  distance,  percent  1 

Pinion  surface  deviation  In  transverse 

section  at  midpoint  across  face  width,  in.  .  .  .  0.003b  0.0052 
Kinematic  error,  arc  sec  . . 0.35  0  4 
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Figure  2.  -  Orientation  of  spur  pinion  icrowned'  and  gear-generating  surfaces 
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Figure  10.  -  Bearing  contact  after  change  in  center  distance  of 
0.04  inch.  Number  of  teeth,  24;  diametral  pitch,  6. 


Figure  11.  -  Spiral-bevel  gear  cutter. 
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New  methods  for  generating  spur,  helical,  and  spiral  bevel  gears  are  proposed 
These  methods  provide  the  gears  with  conjugate  gear  tooth  surfaces,  localized 
bearing  contact,  and  reduced  sensitivity  to  gear  misalignment.  Computet  programs 
have  been  developed  for  simulating  gear  meshing  and  bearing  contact. 


t)  •*. »•> .  ,Vv  !<'*1  dv  A  jfhoqs'i 

Machine  design 
Gears 

transmission 
He  1 icopter  gears 

'■i  S*H  'J'.’v  Oasvf  to*  •»;»£  iV»i 

Unc 1  as  s i f 1 ed 


1 1 8  Distribution  Stdtnmo'’' 


Unc lass  1 f ied  jn llmi ted 
STAR  Category  3/ 


20  Security  Ciassi*  of  this  page1  2'  N 

Unc lass  1 f ied 


